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A PUMPING SYSTEM 

The present invention relates to pumping systems, or pumps, comprising: a 
pumping mechanism; a motor for driving the pumping mechanism; and a drive 
5 control for controlling the motor. 

Pumping systems, and particularly, systems comprising a vacuum pumping 
mechanism, are used extensively in semiconductor processing systems. A 
typical pumping system 60 is shown in Figure 7. Processing of 

10 semiconductor wafers is performed in a vacuum, or processing, chamber 62. 
The pressure of process gas in the processing chamber during processing is 
maintained at relatively low processing pressures by a vacuum pump, or 
pumping mechanism, 64. The pressure is typically kept at processing 
pressures for extended periods and is allowed to return to atmospheric 

15 pressure periodically for repair and maintenance of equipment, for example. 
Unprocessed wafers are introduced to the processing chamber and 
processed wafers are withdrawn from the processing chamber via a load lock 
chamber. The pressure in the load lock chamber is controlled by a vacuum 
pump such that wafers can be transferred to and from the semiconductor 

20 processing system when the load lock chamber is at atmosphere, and wafers 
can be transferred between the load lock chamber and processing chamber 
or chambers when the load lock chamber has been evacuated to processing 
pressures. When choosing a vacuum pump for a chamber associated with a 
semiconductor processing system, the power requirement of the pump must 

25 be specified. A drive control 50, including a variable speed drive is chosen 
with an appropriate power requirement for controlling a motor 51 of the pump. 
Typically, the power requirement for a drive and a pump will be the same. 

A vacuum pump is required, therefore, to be able (a) to reduce the pressure in 
30 a chamber to processing pressures and (b) to maintain processing pressure in 
a chamber. When a vacuum pump maintains processing pressures in a 
chamber, it is resisting atmospheric pressure from flowing into the chamber 
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from downstream of the pump. This is termed operating at ultimate. 
Operating at ultimate is relatively less demanding on the pump's power 
requirements. Operation of the pump to evacuate a chamber from 
atmosphere to processing pressures (pump-down) requires relatively more 
5 power. 

It is generally the procedure to select the power capacity of a vacuum pump, 
and also the drive, to meet the requirement at pump-down, even though 
pump-down may only take, for example, 2-3% of the vacuum pump's active 
10 life. The cost and size of the pump's drive increases with increased power 
requirement, even though increased power is required for only a small 
percentage of operation. 

Referring to Figure 1, a prior art drive control is shown which includes a 
15 variable speed drive 50 for controlling the power delivered to a motor 51 . 
Drive 50 comprises a first module 52 for monitoring a motor thermal load 
(MTL) of the motor. As is known in the art, the motor current (l mo tor) is input to 
the first module, which estimates motor thermal load. I rat ed is a rated current 
at which the motor can operate indefinitely without overheating. The first 
20 module calculates the square of lmotor over l rat ed and uses a first order low-pass 
filter 52 (with a time constant x and the Laplace operator s) to calculate motor 
thermal load. The motor can be thermally modelled using the first order 
system with its temperature being a function of the square of the input current. 

25 The first order low pass filter represented in module 52 is digital, but 

alternatively, motor temperature could be modelled by analogue means. A 
higher order filter could be used for greater accuracy. 

The second module 54 comprises a current control module 56 for transmitting 
30 electrical power to motor 51 as indicated by the arrows referenced electrical 
power to motor. The power is controlled by controlling the current supplied to 
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the motor, which in turn is controlled by adjusting the frequency and/or 
amplitude of the voltage in the motor. A programmable internal drive current 
limit 58 outputs a drive current limit to control module 56 for limiting the power 
transmitted to the motor. A comparator 57 compares the motor thermal load 
5 MTL with a predetermined motor thermal load held in pre-set trip value store 
60. If the determined motor thermal load exceeds the pre-set trip value, a trip 
command is transmitted to the control module 56 for cutting power to the 
motor. Tripping involves a sudden and immediate reduction of motor power 
to zero, the purpose of which is to protect the motor from damage. 

10 

In general, motors and drives can operate at 100% of their rated power 
indefinitely. However they can be overloaded to, typically, 200% (or more) of 
rated power for a short term time limited period. 

15 Figure 2 shows a graph of current (Imotor) against time for variable speed drive 
50. Broken line 62 indicates when the motor thermal load exceeds the pre- 
set value and thus when tripping occurs. The broken line is plotted according 
to the relationship between current and motor thermal load. The rated power 
of a motor is the power at which the motor can be operated indefinitely without 

20 overheating and therefore without tripping. A motor operated at rated power, 
rated voltage and rated frequency, draws a rated current l ra ted referred to 
above in relation to Figure 1. 

Figure 2 shows the rated current l ra ted as (100%), which is the current that can 
25 be sustained indefinitely without overheating the motor. As will be seen from 
Figure 2, when drive control 50 is operated in an overload condition at a 
current of 200%, tripping of the motor occurs at a time t tr jp (200%) and 
operation in an overload condition at a current of X% leads to tripping of the 
motor at a time t tr i P (X%). It will be appreciated therefore that the time at 
30 which tripping occurs is dependent on the amount of the overload current (i.e. 
the extent to which the current exceeds the rated current). 
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It is possible, therefore to operate a motor in overload conditions to decrease, 
say, pump-down times of a vacuum pump in a semiconductor processing 
system. However, this has the disadvantage that the drive may trip if the 
overload is held too long or is too high. This is disadvantageous because if 
5 the motor is stopped, the semiconductor processing wafers may be damaged. 

The present invention seeks to improve pumping system performance by 
deliberately operating the system for transient periods in an overload 
condition without any possibility of tripping. 

10 

In a first aspect, the present invention provides a pumping system comprising: 
a pumping mechanism; a motor for driving the pumping mechanism; a drive 
control for controlling the motor; and means for monitoring at least one state 
within the system; wherein, to improve the performance of the system, the 

15 drive control causes the system to operate for transient periods in an overload 
condition which can result in said monitored state exceeding a predetermined 
operational limit, and when operating in said overload condition said drive 
control controls the power to the motor dependent on the level of said 
monitored state thereby avoiding said state from exceeding said operational 

20 limit. The pumping mechanism may be a vacuum pumping mechanism. 

The performance is preferably improved by said drive control increasing the 
power supplied to the motor to a level which can result in said monitored state 
exceeding a predetermined operational limit. The drive control preferably 
25 causes the system to operate in an overload condition when a load on the 
motor requires increased power supply to the motor. 

Preferably, the drive control does not limit said power unless said state 
exceeds a predetermined lower limit. Above said predetermined lower limit, 
30 said drive control may gradually reduce or increase power dependent on said 
monitored state. 
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The drive control preferably includes gain circuitry which can adopt: a gain of 
1 thereby not limiting motor power; a gain of zero thereby limiting motor power 
to zero; and any gain between one and zero, said gain circuitry controlling 
said gain according to a predetermined relationship with said state. 

5 

In the preferred embodiment, the drive control controls the power of the motor 
by limiting the current supplied to the motor by adjusting the frequency of the 
voltage and/or the amplitude of the voltage supplied to the motor. The drive 
control may comprise programmable means for setting a maximum allowable 
10 current in said motor thereby setting the extent to which the system can be 
overloaded. 

Said state may be a temperature within the system. Said state may be a 
calculation of the thermal load of the motor or drive or any part of the pumping 
15 mechanism. In this case, the drive control may estimate the motor thermal 
load according to: 



20 where l mo tor is the current in the motor, l rate d is a rated current above which 
said motor is operating in said overload condition, x is a time constant, and s 
is the Laplace operator. 

Alternatively, said monitored state within the system may be any one or more 
25 of: a pressure; a current; a voltage; an impedance, or a temperature. The 
drive control may comprise means for receiving input from one or more 
sensors for monitoring one or more said states within the system, and when 
the drive control causes the system to operate for transient periods in an 
overload condition the power to the motor is controlled to avoid said one or 
30 more states from exceeding the predetermined operational limit. For 
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example, one or more sensors may be for sensing one or more of gas 
pressure, temperature, voltage, or impedance within the system. 

The drive control may comprise a variable speed drive for controlling the 
5 power to the motor dependent on the level of said monitored state thereby 
avoiding said state from exceeding said operational limit. 

The drive control may comprise analogue means for controlling the power to 
the motor dependent on the level of said monitored state thereby avoiding 
10 said state from exceeding said operational limit. 

The drive control may be operable to prevent said system from operating in 
an overload condition. 

15 In a second aspect, the present invention provides a method of controlling a 
pumping system comprising: a pumping mechanism; a motor for driving the 
pumping mechanism; and a drive control for controlling the power to the 
motor, wherein said method comprises improving the performance of the 
system by causing the system to operate for transient periods in an overload 

20 condition which can cause said monitored state to exceed a predetermined 
operational limit, and, when operating in said overload condition, controlling 
the power to the motor dependent on the level of said monitored state thereby 
avoiding said state from exceeding said operational limit. 

25 Features described above in relation to system aspects of the invention are 
equally applicable to method aspects, and vice versa. 

In order that the present invention be more readily understood, two 
embodiments thereof, which are given by way of example only, will now be 
30 described with reference to the accompanying drawings, in which: 

Figurel shows a known arrangement of a drive control in a pumping system; 
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Figure 2 shows a graph of current against time for the known drive control; 

Figure 3 shows a drive control according to a first embodiment of the 
invention; 

5 

Figure 3a is a graphical representation of a gain function shown in relation to 
motor current and motor thermal load; 

Figure 4 shows a graph of current against time for the first embodiment; 

10 

Figure 5 shows a graph of torque against speed of a motor, comparing the 
motor performance of a conventional system with an arrangement according 
to the embodiment of the present invention; and 

15 Figure 6 illustrates a second embodiment of the invention; and 

Figure 7 is schematic diagram of a pumping system. 

Figure 3 shows a drive control in the form of a variable speed drive 8 
20 according to a first embodiment of the present invention. First and second 
modules 10 and 12 are similar to first and second modules 52 and 54 shown 
in Figure 1. The first module 10 monitors motor thermal load MTL using the 
aforementioned relationship between l mo tor, 'rated, x and s. The motor thermal 
load is input to a gain circuitry unit 14. Unit 14 calculates a gain according to 
25 a predetermined relationship with motor thermal load, and outputs the gain to 
a multiplier 32, which also receives an input from a programmable internal 
drive current limit unit 20. The multiplier 32 outputs an adjusted current limit 
to current control module 16. The current limit output from the multiplier 32 
limits the power of the motor 30. 

30 
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Gain circuitry unit 14 determines the gain output to multiplier 32 according to a 
predetermined relationship with motor thermal load MTL. The relationship is 
embodied in an algorithm, one example of which is illustrated in Figure 3a 
(described in further detail below). 

5 

Figure 4 shows a graph of current against time for drive 8. Broken line 62 in 
Figure 4 indicates when the motor thermal load exceeds the predetermined 
operational limit and thus when tripping would have occurred in the prior art to 
prevent damage to the motor (as shown in Figure 2). Solid line 40 indicates 
10 the boundary of operation of the motor according to the present embodiment. 
Solid line 40 is spaced away from broken line 62 to provide a safety margin. 

Gain circuitry unit 14 in drive control 8 limits the power supplied to the motor 
by reducing the current. The gain circuitry can adopt a gain of 1 which does 
15 not limit motor power; a gain of 0 to permit no power to be delivered to the 
motor; and a gain between 1 and 0 to adjust the power delivered to the motor 
between 'no limit* and 'no power'. Accordingly, the current supplied to the 
motor is controlled so that the motor thermal load does not exceed a 
predetermined operational limit (i.e. broken line 62 is not exceeded). 

20 

As shown in Figure 3a, the gain of unit 14 is 1 when motor thermal load is 
below a predetermined lower limit. Power supplied to the motor is not limited 
when the gain is 1 . The safety margin between broken line 62 and solid line 
40 in Figure 4 is determined by the selected lower limit. Unit 14 gradually 

25 reduces the gain as the motor thermal load increases above the lower limit 
according to the relationship between motor thermal load and gain shown in 
Figure 3a. In the example shown, the stabilisation point (when l mo tor = 'rated) is 
reached at a gain of 0.5. The motor is not allowed to operate in an overload 
condition when the motor thermal load is above the stabilisation point. The 

30 gain is gradually reduced to zero when the motor thermal load reaches a 
predetermined upper limit. Accordingly, the drive control 8 can operate the 
motor for transient periods in an overload condition (when the motor thermal 
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load is less than the stabilisation point) then reduce motor power to a 
sustainable value without tripping the motor. 

As shown in Figure 4, for example, if the load on the pump is relatively high 
5 (e.g. at pump-down in a semiconductor system), the drive 8 causes a current 
at 200% of the motor rated current to be delivered to the motor over a time 
Wnoad(2oo%). thus benefiting from increased power and improved system 
performance. At time t OV erioad(2oo%), the gain circuitry unit 14 detects that motor 
thermal load has exceeded the predetermined lower limit and gradually 

10 reduces the gain output to multiplier 32 to less than '1 ' according to the 
predetermined relationship between motor thermal load and gain. 
Accordingly, the control module 16 limits the power in motor 30, thus 
stabilising the motor thermal load and the motor power at the rated point. 
When the system load decreases and motor thermal load reduces, the gain 

15 circuitry unit 14 increases the gain (up to '1 ' if possible), so that greater power 
can once again be delivered to the motor 30 when required. 

Similarly, an overload current of X% (between 100% and 200%) can be 
supplied for a longer time t over ioad(x%) before gain circuitry unit 14 detects that 
20 the motor thermal load has exceeded the predetermined limit and the gain is 
reduced. 

Figure 5 shows a graph of Torque (Nm) against Motor Speed (RPM) for 
illustrating the benefit of the embodiment, A motor torque against rotational 

25 speed curve is plotted and the maximum overload torque Tmax is indicated. 
It will be seen that the motor rated torque, at which the motor can be operated 
indefinitely without damage, is considerably less than Tmax. The prior art 
drive control shown in Figure 1 is confined to operating the motor in the area 
below the drive rated torque, otherwise there is a risk that the motor will be 

30 tripped. Drive 8 can, however, improve system performance by causing the 
motor to operate in, for instance, the area below the line indicating 200% 
torque and thus benefit from increased torque and power, without risk of 
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damage or system tripping. The drive 8 causes, or intentionally forces, the 
motor to operate in overload when the load on the motor requires increased 
power supply to the motor, for instance, during pump-down of a vacuum 
chamber. 

5 

Although a gain circuitry unit 14 has been shown for adjusting the amount of 
power which can be delivered to the motor, any suitable means can be used 
depending on the specific requirements of the motor, drive and/or pump. 

10 In the embodiment, motor thermal load is used to select the appropriate gain 
output. Accordingly, the embodiment allows operation of the motor in an 
overload condition without the motor overheating and without the motor 
tripping. However, in addition to or in place of motor thermal load, the 
invention contemplates operation of the pumping system to prevent other 

15 states of the drive, motor or pump (such as voltage, current, power, frequency 
or impedance) from exceeding their respective operational limits. In 
particular, the variable speed drive itself can be operated in overload (typically 
up to 200% of rated power), and can be protected by determining Drive 
Thermal Load (DTL) in a similar way to Motor Thermal Load (MTL) described 

20 in detail hereinabove. 

The first embodiment adopts a so-called 'indirect' arrangement by using the 
measured motor current to determine motor thermal load and thus the motor 
temperature. Alternatively, however, the drive control can work on a 'direct 1 
25 arrangement by using feedback from sensors embedded within the pump 
system, such as direct measurement of motor winding temperature, pump 
body temperature, exhaust pressure, gas temperature, foreline pressure and 
so on. 

30 Figure 6 shows a second embodiment in which such a direct arrangement is 
adopted. The arrangement determines an internal state of the pumping 
system and controls motor power to prevent that state from exceeding a 
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predetermined operational limit. For example, the temperature of the 
pumping mechanism may be monitored by a sensor located within the pump 
to prevent the mechanism from over-heating. The sensed state is used to 
adjust the current limit and hence motor power, and thereby prevent the 
5 pumping mechanism from over-heating. 

Figure 6 shows a drive control in the form of a variable speed drive 28 for 
delivering electrical power to a motor 30 for driving a pumping mechanism of 
a pump, particularly a vacuum pump. Drive 28 is similar to drive 8 except 
that one or more conditioners 26 are provided for determining sensor 
information from one or more respective sensors 24 in the pumping system. 
Data from the sensors 24 are fed through respective conditioners 26, which 
convert the data to information understandable to the drive 28. The sensors 
24 monitor internal states within the pump (such as pump body temperature, 
exhaust pressure or motor winding temperature). The conditioned sensor 
information is input to gain circuitry, or other suitable adjustment means, 
where a gain is determined for limiting the motor power 30. 

In arrangements incorporating multiple sensor inputs, an indicator may 
20 provide a warning to the user indicating which of the sensors is causing the 
power output to be controlled. This information can be used to provide 
advance warning of a developing problem that, in the prior art, would have 
resulted in a system trip. 

25 The above illustrated embodiments allow a drive control and motor to be 
chosen that causes operation in an overload condition for transient periods, 
for example, during pump-down, and therefore a less expensive motor/drive 
assembly can be selected for specific pumping requirements than would be 
the case for prior art motor/drive assemblies. Furthermore, increased torque, 

30 as shown in Figure 5 permits higher starting torque and better dirt crunching 
capability. A comparison of the first embodiment with a prior art motor/drive 
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for a selected commercially available vacuum pump is included below in 
Table 1. 



Table I 

5 



performance 
measure 


Vacuum Pump X 
(prior art) 


Vacuum Pump X 
(with 

embodiment) 


Improvement 


starting torque 


5Nm 


8Nm 


60% 


pump down 10L 


8.4s 


3.5s 


58% 


pump down SOL 


32.9s 


25.2s 


23% 



In the above example it will be seen that significant improvements in 
performance are realised. 

10 

In the embodiments described above, the drive control takes the form of a 
digital variable speed drive. However, the drive control may include one or 
more analogue means, such as an analogue circuit, for determining a state 
within the system and controlling motor power. 

15 

It may be desirable that the drive control is operable to prevent said system 
from operating in an overload condition. Switching means may therefore be 
provided to switch the drive control between operation according to the 
present invention and operation as described with reference to the prior art 
20 above. Such an arrangement is useful if it is undesirable for the system to 
operate in an overload condition in certain applications. 

In summary, it will be appreciated that, in all of the above embodiments and 
modifications described above, instead of cutting the power to the motor to 
25 zero when a system state exceeds an operational limit (i.e. tripping), the drive 
control controls the power so that it is gradually decreased until sustainable 
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operation is reached. Thus, the embodiments cause a motor or a pump 
system (motor or variable speed drive or pump mechanism) to be run at 
overcapacity (for example during pump-down) without causing the pump to 
trip, and hence cease operation. 

It is to be appreciated that the above described embodiments are for example 
only, and that other modifications are within the scope of the appended 
claims-. 
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